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Abstract 5 
The current understanding on the role of microbiology on periodontitis causation is reviewed. An appraisal of the 6 
literature reveals several issues that have limited the attempts to investigate candidate periodontal pathogens as 7 
causes of periodontitis and confirms that only limited epidemiological evidence is available. Several aspects of the 8 
contemporary understanding on causal inference are discussed with examples for periodontitis.  9 
 10 
Background 11 
Periodontal diseases are inflammatory conditions occurring in the tissues surrounding the teeth and, as it is the case 12 
for any disease, the list of causal components responsible for their onset and progression is large. Periodontal diseases 13 
require the presence of a tooth, a periodontal ligament, a living host with all its associated characteristics of an 14 
immune system, blood supply, tissue turnover, and of course a microflora. Key in causal investigations is to identify 15 
the component causes that are useful in terms of preventing and treating the disease. Extracting a tooth for instance 16 
will lead to an arrest of periodontal disease but is usually not a useful component cause from a clinical perspective.  17 
The designation periodontal diseases includes gingivitis1, necrotizing periodontal diseases (NPDs)2, and periodontitis.3 18 
Gingivitis is an inflammatory reaction restricted to the gingival tissues, without signs of destruction of the supportive 19 
periodontal tissues, whereas NPDs2 and periodontitis3 are inflammatory conditions characterized by permanent loss 20 
of periodontal tissue. Even though evidence in the form of epidemiological cohort studies has been largely missing, 21 
both conditions are often defined as infectious diseases.1, 4-9 Necrotizing periodontal diseases may be limited to 22 
destruction of the gingival tissues presenting with pain, gingival bleeding, ‘punched-out’ appearance of the 23 
interproximal papillae, fetid breath and pseudomembrane formation; or extend to compromise the supportive tissues 24 
of the teeth i.e., periodontal ligament and alveolar bone. NPDs are frequently observed among subjects with systemic 25 
conditions like malnutrition, periods of increased exposure to stress, and immunosuppression.2 The prevalence of 26 
NPDs has been reduced dramatically in developed countries during the last two decades, but remains an issue in less 27 
affluent populations, particularly in African countries.10 28 
 29 
Periodontitis is the most frequent destructive periodontal condition, affecting in its severe stages approximately 10-30 
15% of human populations across continents, 11, 12 and it is characterized by detachment and apical migration of the 31 
junctional epithelium with destruction of periodontal ligament and alveolar bone loss. The lesions are clinically 32 
characterized by loss of clinical attachment, accompanied by pocket formation and/or recession of the gingival tissue. 33 
These lesions are usually painless unless they present concurrently with its acute expression, the periodontal 34 
abscess.13  35 
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Focus of this review will be invested on a critical discussion of the current understanding of periodontitis causation 36 
and an appraisal of epidemiological evidence supporting putative periodontal pathogens as causes of periodontitis. 37 
 38 
Two competing explanations have strongly influenced the way we define periodontitis and the strategies used for  39 
research into its etiology (for review see ref.14). One theory was that periodontitis represented an inflammatory 40 
condition initiated by a variety of systemic or remote determinants.15, 16 This explanation saw periodontitis as the 41 
result of complex multifactorial etiology, which could involve a number of remote causes, such as metabolic 42 
syndrome, nutrition, use of tobacco, and other constitutional factors.14 The limited ability to treat remote causes like 43 
diabetes or an unwillingness on the part of the patient to modify behaviors such as tobacco smoking or sugar 44 
consumption created challenges in managing periodontitis. The second theory postulated that the causes of 45 
periodontitis were local to the tooth, involving factors such as occlusion, deposits and oral bacteria15-21 and hence 46 
recommended local treatments.19  This theory was developed simultaneously with Robert Koch’s efforts to deliver 47 
experimental evidence for the germ theory of disease.22  48 
With the development of microbiological methods, and the progressive identification of new microorganisms applying 49 
new techniques, the idea of infection, particularly a specific infection23 gained terrain and predominated as the main 50 
explanation for periodontitis for many decades14 becoming a defining feature of this disease.6, 24, 25 The influence of 51 
the germ theory14, led to a narrow perspective of disease causation, namely, single agents relating one to one to 52 
specific periodontal disease categories.26, 27  53 
Undoubtedly, the extensive use of the infection discourse points to reluctance to acknowledge a causal character for 54 
determinants above and beyond putative periodontal pathogens.28 “Factors such as diabetes and smoking are 55 
commonly described as modifying factors …”and “…they are merely perceived as exogenous modulators of the hosts’ 56 
susceptibility to the causal infection. This view is maintained even though ‘less than 20% of the variability in 57 
periodontal disease expression can be explained by levels of specific microbes’.” (for review see ref.28). 58 
 59 
In the 1960’s, a series of small, uncontrolled studies were conducted on experimental induction of gingival 60 
inflammation in humans by avoidance of oral hygiene procedures and subsequent resolution of gingival inflammation 61 
when oral hygiene was reinstituted.29, 30 The results of these experimental gingivitis studies – which were so small as 62 
to preclude statistical analyses - were extrapolated to the subsequent idea that if dental plaque development resulted 63 
in gingivitis, untreated gingivitis would invariably lead to periodontitis. This notion became a dominant paradigm in 64 
periodontology for many decades (for review see ref.31).  65 
 66 
Notes on the definition of the periodontal outcomes  67 
A significant issue hampering our understanding of the microbial - periodontitis relationship is the inconsistency in the 68 
characterization of periodontitis31, 32 and a deeply rooted belief in the existence of various clinical periodontitis 69 
entities that may be caused by different microbial determinants.5, 6, 33 A current example of this is the proposed 70 
categorization of periodontitis as either chronic or aggressive.34-36 71 
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The issue of periodontal definitions and classifications is not new and has escorted the development of periodontal 72 
microbiology since its commencement as clearly documented back in 1877 during the 17th Annual Session of the 73 
American Dental Association when the periodontal outcome of interest was presented as “that formidable class of 74 
diseases of the gums which are difficult to classify”.15 The debate has continued and is illustrated by the existence of at 75 
least 10 different systems for classification of periodontitis during the 1980’s and 1990’s.24, 37-44 76 
Heterogeneity in the definition of cases, and the lack of an agreed upon operational clinical definition of periodontitis 77 
that can be used for research purposes are not merely an academic conversation. They hinder comparison of research 78 
results, leading to overestimation or underestimation of disease occurrence45, 46, and probably more serious, they 79 
result in different and sometimes opposing results of analytical etiological research46, 47. 80 
Destructive periodontal disease occurring in otherwise apparently healthy subjects has been the subject of numerous 81 
reclassifications during the last five decades. The main categories alluded to in the literature comprise juvenile 82 
periodontitis, 48 early onset periodontitis, 49 and aggressive periodontitis.50 While for some the implications of 83 
reclassifications may appear trivial, reclassifications are not only changes of diseases names, but regrouping of 84 
subjects into partially overlapping disease categories; something that can have implications on the acquired evidence 85 
on diagnoses, etiology, effect of treatment and prognosis. With regards to its impact on our understanding of 86 
microbial causation of periodontitis it is unknown for example how the exclusion of subjects with evident 87 
supragingival biofilm from the category juvenile periodontitis51 may have influenced studies on the microbial etiology 88 
of this disease outcome and how evidence originating from these studies can be compared with similar studies 89 
comprising the alleged disease category aggressive periodontitis.36 90 
 91 
Subsequently, two main local etiological theories for the occurrence of periodontitis emerged. The “non-specific 92 
plaque hypothesis”, which claimed that the overall increase in numbers of subgingival microorganisms and their 93 
altered proportions were responsible for provoking inflammation and that, no single bacterial species was liable. 94 
Hence, different combinations of bacteria, rather than just a single species were considered to be accountable for the 95 
progression from gingivitis to destructive periodontitis.52  On the other hand, the “specific plaque hypothesis” 96 
supported the idea that certain forms of periodontitis appeared to be the result of overgrowth of specific indigenous 97 
plaque bacteria, warranting antimicrobial treatment targeting, based on the identification of these microorganisms 98 
upon diagnosis.53  In the early 1990’s, the idea that the exposure of the dental microflora to microenvironmental 99 
changes can result in changes of its bacterial composition, which can then result in special susceptibility of the 100 
affected site to disease emerged. This notion is the cornerstone of the "ecological plaque hypothesis", which describes 101 
the relationship between the biofilms and the host response as a determining factor between maintenance of health 102 
and switch to disease.54, 55 103 
The prevailing paradigm periodontitis is an infectious disease inevitably resulted in the focus on microbiological 104 
control approaches as the main therapeutic strategy for controlling periodontitis56 (for review see refs.14, 31) and 105 
regular mechanical disruption of biofilm development in the form of professional tooth cleanings as the standard of 106 
care.5, 57 Even today, a simple search in PubMed using ‘periodontal AND infection’ restricted to articles published in 107 
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English since 2013 yields 480 publications, suggesting that the notion of infection remains dominant in periodontal 108 
research. 109 
 110 
Discussing epidemiological aspects of destructive periodontal diseases as infectious diseases today inevitably prompts 111 
the idea of framing this review with reference to ‘infectious disease epidemiology’ and focus on the expression 112 
‘infectious diseases’, which are understood today as “caused by transmissible agents that replicate in the affected 113 
host”.58 Paraphrasing Horsburgh and Mahon58 and struggling to make a case for periodontitis as an infectious disease, 114 
the human host should be exposed to the infectious agent/s; exposure must lead to invasion into the host tissues; and 115 
finally, this invasion must lead to the development of clinical signs and symptoms we recognize as periodontitis. 116 
Numerous researchers have reported putative periodontal pathogens, such as Porphyromonas gingivalis, invading 117 
gingival tissues in vitro, and several case-series involving morphological, in situ hybridization, and 118 
immunohistochemistry techniques have identified microbial ‘invasion’ in periodontal lesion biopsies. Yet, it remains 119 
unclear whether these phenomena can be taken as evidence for infection or whether they hold a role in the etiology 120 
of periodontitis. A provoking counterintuitive argument is presented by evidence documenting the frequent 121 
occurrence of intracellular putative periodontal pathogens in periodontal tissues of healthy subjects, something that 122 
suggests that mucosal colonization with putative periodontal pathogens may be a widespread phenomenon in 123 
humans59 and by the notion that putative periodontal pathogens do not need to invade periodontal tissues in order to 124 
stimulate an inflammatory reaction.60 In fact, the periodontal pocket epithelium can be highly ulcerated at sites, 125 
allowing for the direct contact between the vessel-rich gingival connective tissue, and the biofilm or its secreted 126 
products. 127 
 128 
Some periodontal microbiologists are moving away from the description of infection and now refer to periodontal 129 
disease as being caused by a dysbiosis.61-64 While the proponents of this hypothesis have moved away from the term 130 
‘infection’ they still consider periodontal disease to be a microbiological problem and propose that a future approach 131 
to periodontal treatment could be the control of the growth or metabolic activity of the keystone pathogens.62  132 
 133 
From an epidemiological perspective there are currently no cohort studies indicating that destructive periodontal 134 
diseases can qualify as infectious diseases. Three main issues related to infection are now discussed: 1) the occurrence 135 
and distribution of suspected periodontal pathogens in human populations, 2) the geographic variation in this 136 
distribution that may explain variation in the distribution of periodontitis, and 3) a review of the summarized 137 
epidemiological evidence supporting putative periodontal pathogens as causes of periodontitis.  138 
 139 
Occurrence and distribution of putative periodontal pathogens 140 
The methods used to identify and quantify the exposure  141 
Many studies have reported information on the distribution of various subsets of putative periodontal pathogens from 142 
oral clinical samples in various human groups using traditional biochemical and phenotypical methods and different 143 
molecular DNA based techniques.4, 65-67 A drawback of the earlier studies was the limited number of candidate 144 
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organisms that were evaluated. Already 20 years ago Haffajee et al., suggested that information on a single species 145 
may not be informative in the context of the possibility of periodontal pockets representing mixed infections4 and it 146 
should be acknowledged today that most studies available in the periodontal literature have  been conducted 147 
targeting a rather small repertoire of bacterial species, possibly representing less than 5% of the total number of 148 
organisms that can inhabit the periodontal niche.68 Several of the limitations encountered at the beginning of the 149 
enterprise have been amended with improved methods and remarkable technological development in microbiological 150 
research, particularly during the last two decades.4, 6, 65, 66 Our understanding on the composition of the subgingival 151 
microbiota has expanded considerably during the last few years mainly as a consequence of technological advances in 152 
molecular methods including the availability of high-throughput analysis for large numbers of samples. This has 153 
sidestepped limitations of phenotypical and culture procedures and have allowed for a more efficient and 154 
comprehensive investigation of the distribution of subgingival microbial exposure making possible, for example, the 155 
simultaneous evaluation of numerous species from samples originating from several sites in the mouth from many 156 
subjects in clinical intervention studies and observational epidemiological studies.  157 
 158 
While  these earlier studies call for a cautious interpretation, they have provided useful information on the diversity 159 
and complexity of the subgingival microbiota while still focusing attention on some selected candidate organisms (for 160 
review see refs.66-69) That knowledge highlights that directing the scope for putative periodontal pathogens to a few 161 
bacterial species is not commensurate with available evidence on potential implicated species and their role.57, 68 162 
Taking into account that microbial species relate to each other suppressing, supplementing, and synergizing in 163 
complex systems it is reasonable to speculate about whether positive association findings between a few selected 164 
species and periodontitis is due to the influence of these selected identified bacterial species or the result of the effect 165 
of unmeasured alternative microbial covariates. 166 
 167 
Despite the tremendous developments in oral microbiological research, major sources of variation remain in today’s 168 
attempts to assess microbial exposure in etiological studies. Although molecular methods for the identification of 169 
putative oral pathogens have developed considerably, variation in the identification and recruitment of subjects and 170 
selection of sites for sampling as well as the various strategies for biological sampling advocated by different research 171 
groups hamper attempts to describe and compare the distribution of candidate periodontal pathogens in 172 
populations.57 Many studies have focused on obtaining microbial samples from periodontitis patients, and very limited 173 
information is available on subgingival microbiological profiles in human subjects representing the broad spectrum of 174 
periodontal health and disease in well-defined underlying populations.  175 
 176 
Geographic variation in the distribution of putative periodontal pathogens 177 
The results of numerous studies demonstrate that a common subset of subgingival species is frequently found across 178 
study groups from different countries.70-74 Nevertheless, some reports have been interpreted as reflecting real 179 
geographical variation.73, 75, 76  180 
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A closer inspection of these latter studies reveals considerable sources of heterogeneity in the methods used that can 181 
well explain variability across geographical regions. These differences include variation in the methods used for 182 
identification of suspected pathogens, which for example can be restricted to the use of culture techniques70, 74, 183 
biochemical and morphological methods73, 77,  or involve the use of DNA based techniques71, 72, 75, 76, 78, 79, or 184 
differences in the strategies used for obtaining biological samples. Some authors have used curettes for scrapping 185 
biofilm from the subgingival root surfaces of the teeth72, 76, 78 whereas others have placed paper points subgingivally.73 186 
Information on the sites selected for sampling and whether these samples have been pooled or not before laboratory 187 
analyses reveal additional sources of variation.70-74 In addition to this, the number of sites selected for sampling 188 
influences differences in prevalence estimates and distribution profiles because a larger number of sites included for 189 
sampling will necessarily increase the probability of finding the putative pathogens under investigation. Similarly, if 190 
the inclusion criteria for sampling is based on disease severity like for example with the selection of sites with deeper 191 
pocket depth71, 73, 74, 77, more advanced levels of attachment loss73 and/or positive bleeding on probing77 it is more 192 
likely that a selection of putative periodontal pathogens that ’like’ subgingival sites with these characteristics is 193 
overrepresented. While these sources of variation are important and may account for a significant disparity in the 194 
results reported, the most likely explanatory source of variation may be the identification and recruitment of study 195 
participants. Most studies have recruited convenience samples of patients with different periodontal diagnostic 196 
categories and are thus void of the strengths of well-defined epidemiological frameworks.70, 73-76, 79 This patient-197 
selection does not mirror the distribution of the investigated species in underlying populations57 and it is  such 198 
selection bias which may have caused apparent geographic variation. As a consequence, they cannot be seen as 199 
providing reliable evidence on microbiological profiles for comparisons across geographical locations. Only a few 200 
studies have comprised study groups sampled using epidemiological methods from well-defined underlying 201 
populations and the results of these studies do not reveal considerable variation in the distribution of selected 202 
putative periodontal species between different locations.72, 78, 80  203 
This is not to say that bacterial clones may not vary across ethnic groups and geographic places (for review see ref.81 204 
for instance, possibly a highly leukotoxin clone of Aggregatibacter actinomycetemcomitans (JP2 clone), can be 205 
associated with progression of periodontal destruction in selected populations.82, 83 Such findings raise interesting 206 
questions about the unexpected high occurrence of periodontitis in some specific populations. It might be valuable to 207 
investigate the alluded variation systematically with standardized methods across well-defined study populations. 208 
New initiatives aiming to address this topic ought to consider careful standardization of methods used including the 209 
selection of study groups, strategies for subgingival sampling, selection of sites to be sampled, subsets of candidate 210 
agents to be investigated as well as methods for their identification. 211 
 212 
Putative periodontal pathogens as causes of periodontitis 213 
How to pinpoint pathogenic microorganisms 214 
For many decades, Henle-Koch’s postulates22, 84 were considered key references to recognize a suspected pathogen as 215 
a cause of disease. According to these postulates, the agent must be isolated from every case of the disease by 216 
isolation in pure culture, it must not be recovered from cases of other forms of disease or among healthy animals, and 217 
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after isolation and repeated growth in pure culture the pathogen must induce disease in experimental animals. Finally, 218 
the agent must be recovered from the experimental disease produced.85 These postulates were important as 219 
references to distinguish agents that could be identified with the microbiological techniques available at that time. 220 
Nevertheless they presented important  challenges for periodontal researchers, some of  whom proposed alternative 221 
criteria back in 1979 7, later amended by Haffajee and Socransky.4 The reasons for the inability of the application of 222 
Koch's postulates in the identification of specific periodontal pathogens include, but are not restricted to, the fact that 223 
more than half of the biofilm microbiota is as-yet uncultivable by conventional methods. According to the modified 224 
criteria, (a) the suspected microorganism should be associated with periodontitis, (b) its elimination should reduce the 225 
clinical signs of the disease, (c) it should display evidence of a host response to a pathogen (i.e. in in vitro models), (d) 226 
when applied to an animal model, it should reproduce the signs of the disease, and (e) it should actively produce 227 
virulence factors that can generate a pathogenic effect on the affected tissues.7 Based on these criteria, a number of 228 
bacterial species that can colonize a subgingival biofilm were characterized as putative causative agents of periodontal 229 
disease, including the “red complex” species (P. gingivalis, Tannerella forsythia, Treponema denticola)86 and A. 230 
actinomycetemcomitans.87 231 
 232 
Socransky’s criteria represented much lower challenge to establishing causality when compared to Henle and Koch’s 233 
postulates. In addition, these postulates remained closely linked to a mono-causal etiological explanation exclusively 234 
focused on the tooth that is not compatible with our current understanding of the dominant role of systemic factors 235 
such as smoking in the etiology of periodontitis.31 Substantial disadvantages of the recommended criteria include  236 
parochial definition of causality, which applies to one human disease – periodontitis88, 89, the exclusion of concepts  237 
such as the Bradford Hill’s criteria for causal inference90 and  the seminal Rothman paper on causality published in 238 
1976 91. In this latter study, Rothman presented a working definition for causation and discussed etiology in terms of 239 
sufficient causes (a.k.a. causal mechanisms) and their causal components (Figure 1). The model embraces key 240 
principles of causation like 1) multi-causality, 2) the dependence of the strength of component causes on the 241 
distribution of complementary causes, and 3) the interaction between component causes; all aspects of causation that 242 
also apply to periodontitis. Briefly, Rothman and Greenland defined a cause of a disease as “… an event, condition, or 243 
characteristic that preceded the disease event and without which the disease event either would not have occurred at 244 
all or would not have occurred until some later time”.92 In this model, a sufficient cause is a complete causal 245 
mechanism, “a set of minimal conditions and events that inevitably produce disease”.92 The completion of a sufficient 246 
cause is equivalent to the onset of the earliest stage of the disease process. Each pie of component causes in Figure 1 247 
is minimally sufficient to produce periodontitis. Identification of all causal components in a sufficient cause is not 248 
required for prevention, because elimination of a single causal component would stop that mechanism and prevent 249 
the occurrence of all events explained by that sufficient cause.91 If there is a causal component, which is a member of 250 
every causal mechanism, such a component is known a necessary cause.91 In the hypothetical models presented in 251 
Figure 1, P. gingivalis is pictured as a necessary cause because it appears as a member of each sufficient cause. 252 
 253 
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We tend to think that strong causes are strong because of their internal properties, but the strength of a causal 254 
component depends of the prevalence of its complementary component causes for periodontitis. The model of Figure 255 
1 illustrates how the idea of causes being inherently ‘strong’ or ‘weak’ has no universal foundation. The first causal 256 
mechanism depicted in Figure 1 illustrates that the strength of A. actinomycetemcomitans (Aa) as a cause depends of 257 
the distribution of complementary causes working in the same sufficient cause. If the complementary causes for A. 258 
actinomycetemcomitans are not prevalent, for example if we assume that gene mutation 1 occurs in one out of 259 
10.000 subjects, A. a actinomycetemcomitans will be a ‘weak’ cause that “modifies the probability of the outcome only 260 
slightly”.91 On the other hand, a causal component that needs, to complete a sufficient cause, other components that 261 
are ubiquitous is a ‘strong’ cause and will increase risk of periodontitis considerably.91 For example, suppose that gene 262 
mutation 4, in the third sufficient cause of Figure 1, represents a mutation in the cathepsin C gene (CTSC).93 CTSC 263 
encodes the lysosomal protease cathepsin C and has been reliably associated with Papillon-Lefèvre syndrome (PLS)93, 264 
a rare autosomal recessive disorder characterized clinically by palmoplantar hyperkeratosis and severe generalized 265 
early periodontitis. Nearly all subjects with PLS develop severe periodontitis, refractory to periodontal treatment. In 266 
this model ‘CTSC mutation’ can be considered a ‘strong’ cause because the frequent occurrence of regular commensal 267 
species would be enough to complete this sufficient cause. Targeting complementary causes of this mechanism for 268 
prevention or treatment of periodontitis may be irrelevant because it may be impossible to reduce their present to 269 
levels that will prevent the completion of the causal mechanism in individuals with this systemic mutation. In this 270 
context, it is interesting to note that studies on the microbiologic profile of subjects with PLS suggest that periodontitis 271 
lesions in subjects with PLS appear to hold a considerably broader microbial diversity94 that includes opportunistic 272 
species when compared to periodontitis lesions in subjects without PLS.  273 
 274 
The model in Figure 1 is a simple hypothetical model with only 3 sufficient causes, with 5 causal components each. 275 
The real picture involves many causal components; most of them unknown, interacting to complete each sufficient 276 
cause; and many sufficient causes (biological mechanisms), each explaining part of the occurrence of a common 277 
outcome, periodontitis.  278 
 279 
The interaction between component causes – biological interactions 280 
The ecological plaque hypothesis embraces that it is the interplay between host and microbial factors that can define 281 
the switch from health to disease. It has been proposed that periodontitis is caused by dysbiosis. According to this, it is 282 
not ‘selected’ periodontal pathogens that initiate the disease, but the disruption of the ecological balance leads to the 283 
synergistic interaction of variable members of the microbial community (or their specific gene combinations), that can 284 
be considered as disease-provoking.61  A combination of various virulence factors that derive from different members 285 
of the microbial community, which can yet complement each other, may be required to elicit an overall pathogenic 286 
host response. Certain bacterial species may display an “inflammophilic” profile and thrive under a degenerated 287 
inflammatory-propagating host response.95 This may in turn generate a vicious cycle of community dysbiosis and 288 
disease progression. Hence, the context of causality, an interaction between an advantaged microbial constitution and 289 
disadvantaged host response is required for disease to occur or to progress. 290 
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On a broader microbiological perspective, it is argued that the binary view on a microorganism being either a 291 
pathogen or not, is inconclusive. Attempts to classify microbes as pathogens or non, are perhaps out of scope since 292 
they misattribute a microbial property to a function that is actually a multi-variable interaction with the host.96 A 293 
recent review by Mèthot and Alizon highlights the paradigm shift towards a process-oriented model of host-parasite 294 
interactions.97 As such, there are no clear-cut unique pathogens, while the commensal, parasitic or mutualistic 295 
interactions of microbes with each other and with the host should be viewed as a continuum without clear borders. 296 
These notions are strengthened by findings on large-scale sequencing in health and disease that reveal a large genetic 297 
diversity of microbes within and between hosts, as well as by acknowledging microbial ecology and evolution as key 298 
components of the crosstalk between microbiota and their host. The results of a recently published systematic review 299 
support this and suggest a positive association of at least 17 novel species or phylotypes including the phyla 300 
Bacteroidetes, Candidatus Saccharibacteria, Firmicutes, Proteobacteria, Spirochaetes, and Synergistetes with 301 
periodontitis.98 302 
 303 
Longitudinal epidemiological evidence for an infectious etiology of periodontitis 304 
From Hill’s nine criteria90  particularly one, temporality, can strongly influence our understanding and weighting of the 305 
scientific evidence on putative periodontal pathogens. As long as the sequence of the events in an association 306 
between an exposure and an outcome has not been established there is no evidence for causation. While not 307 
everything that precedes an event can be considered a cause of it, 99 a cause must always precede the effect. This 308 
necessarily calls for the use of prospective cohort evidence when disentangling the pathogenic nature of putative 309 
agents.  310 
Even though many research groups have investigated associations between selected subgroups of putative 311 
periodontal pathogens and periodontitis during the last five decades using various methods and approaches, a 312 
recently published systematic review of this evidence highlights that only a few studies have employed methods that 313 
could be considered to provide prospective longitudinal evidence for a causal relationship.100 The review found three 314 
studies conducted in predominantly non-Caucasian disadvantaged pediatric populations supporting the infection 315 
hypothesis for one putative periodontal pathogen: A. actinomycetemcomitans.80, 82, 101 Several cohort studies 316 
evaluating A. actinomycetemcomitans did not support the infection hypothesis. None of the studies supported the 317 
infection hypothesis among adult groups, Caucasian subjects, or in population residing in socioeconomically wealthier 318 
populations.100  319 
 320 
The weight of progression studies 321 
A significant portion of the studies available in the literature document what could be described as studies on the 322 
progression of periodontitis.100 While it may be tempting to interpret the positive associations between bacteria and 323 
periodontitis reported in many of these studies, it should be kept in mind that a requirement for prospective cohort 324 
studies is that exposed subjects are disease-free at baseline102 and even mild severity levels of the outcome should be 325 
avoided in the cohort under investigation. Positive associations between progression of periodontal destruction and 326 
subsets of putative periodontal pathogens may well reflect that early periodontitis provided favorable niches for the 327 
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development of certain suspected pathogenic candidates. In consequence, these progression studies provide weak 328 
evidence on putative periodontal pathogens as causes of periodontitis. If these putative pathogens are causally 329 
related to periodontitis, the recognized presence of the implicated pathogen/s must antecede the signs of 330 
periodontitis. 331 
A recent update of the electronic search conducted by Hujoel et al., 100 was run in September 2014 and an updated 332 
assessment was conducted for inclusion in this review. The new search added three new candidate publications to the 333 
original yield.83, 103, 104 A closer inspection of the clinical criteria employed in the publications now included80, 82, 83, 101, 334 
103, 104  revealed that periodontitis could not be excluded at baseline and that strictly these studies could also be 335 
considered progression studies.  In the study by Van der Velden et al., 80 subjects labelled healthy at the starting point 336 
could present with 2 mm of attachment loss in several teeth and/or 3 mm of attachment loss in one tooth or 2 337 
adjacent teeth. Similarly, in the studies by Haubek et al., 82 and Aberg et al., 83, 104 young subjects categorized as 338 
healthy at baseline may have present with 2 mm of attachment loss. According to the case definition by Fine et al., 101 339 
from 2007 and Fine et al., 103 from 2013 adolescents subjects were examined for the occurrence of destruction of the 340 
supportive tissues of the teeth in the form of attachment loss only if they presented with pockets deeper than 5 mm. 341 
This means that subjects with 4 mm pocket depth and various levels of clinical attachment loss would be considered 342 
healthy at baseline. This decision was possibly based on the questionable assumption that periodontitis is 343 
characterized by deepening of the pocket and disregards that screening for cases of early periodontitis based on 344 
deepening of the pockets results in a considerable number of subjects with periodontitis, being overlooked. Lopez et 345 
al., 105 found, in a Chilean adolescent population, that at least 57 % of sites with attachment ≥ 3 mm in young subjects 346 
with periodontitis did not present pocket depth > 2 mm due to retraction of the gingival tissues. 347 
 348 
 349 
Conclusions 350 
The heterogeneity of the methods used in the studies available hinders reasonable comparisons of the distribution of 351 
putative periodontal pathogens across age and ethnic populations or geographic locations. The results of a handful of 352 
studies suggested an association between selected putative pathogens and progression of periodontitis. These studies 353 
identified different organisms, used different definitions of periodontal outcomes, and typically used sites as 354 
experimental unit of analysis without proper accounting of correlation. The literature on the evidence of microbial 355 
agents as a primary etiology of periodontitis is essentially barren for prospective cohort studies including validated 356 
assessment of exposure in periodontitis-free study populations at baseline.  357 
From an epidemiological perspective understanding periodontitis as a complex inflammatory syndrome characterized 358 
by destruction of the supporting tissues of the teeth may provide a better frame for causal inference. The 359 
inflammatory model can be understood as the result of the possible interaction of many constellations of causal 360 
components where microbial components may be adopted, without this indicating that the researchers are devoted 361 
to a single microbial theory of destructive periodontal disease. 362 
 363 
 364 
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 561 
Legend figure 1 562 
Modified from Kenneth Rothman’s model of causation 91 with approval from Oxford University Press and the author. 563 
Three hypothetical sufficient causes of disease are pictured representing three different mechanisms in the etiology of 564 
periodontitis. In these models Porphyromonas gingivalis (Pg), Aggregatibacter actinomycetemcomitans (Aa), Tanerella 565 
forsythia (Tf), Filifactor alocis (Fa), Treponema denticola (Td), smoking, diabetes, and gene mutations 1, 2, 3, and 4 566 
represent causal components for periodontitis; whereas  Pg is pictured as a necessary cause for periodontitis.  567 
 568 
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